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ABSTRACT
The transition toward a distributed energy system and the increased power generation from renewable energy
sources, that have low predictability, obviously affects the management of the grid. One of the consequences to be
expected is a larger variation of the electricity prices (according to the season and/or the time of the day) as a
function of the availability of the renewable sources. Assuming that the electricity hourly tariff is known in advance,
it can be used as an input data to take decision about the heat pump control. In particular it could be convenient to
run the unit at a higher capacity (e.g. by increasing the set point) when the electricity price is low, in order to store
energy to be used when the tariff rises. However, increasing water storage set point or the ambient set point, also
increases the system losses, and consequently it is not clear in advance whether this approach can lead to money
saving or not. This study aims to investigate the potential money saving by means of a simulations analysis.

1. INTRODUCTION
The transition, currently in progress, toward a low carbon society implies (necessarily) an increase of the share of
power generated starting from renewable sources. While the economic feasibility of renewable power generation has
been demonstrated (in the Italian market the “grid parity” has been substantially reached in many periods of the
year) nevertheless it is a fact that the availability of wind and PV power is subject to fluctuations that not always can
be predicted. This is reflected by the electric power sales price that changes along the day and along the year. In
some European countries it is already possible for house owners to have an electricity tariff coupled with the spot
market price, with tariffs on hourly basis (Sommerfeldt and Madani, 2015). In Italy, this approach has not yet been
implemented for domestic and small commercial enterprises but rather the prices is changed along the day with a
fixed pattern (three price ranges for commercial users and two for domestic users) and the actual prices are
established in advance: every three months for domestic users and every month for commercial users (ARERA https://www.arera.it/it/prezzi.htm).
It is worth noting that in Italy there are many buildings where the installation of PV panels is forbidden or extremely
difficult (historical buildings, buildings located in the historical city centers, other buildings under the jurisdiction of
the historical and/or landscape commission, etc.) and for that kind of buildings optimizing energy consumption of a
heat pump based HVAC system considering the hourly electricity tariff can be not only a way to lower operating
costs, but also a better approach to interact with the grid favoring the use of renewable sources.
In particular, these goals can be pursued operating the heat pump in such a way to store as much energy as possible
during the periods of low energy costs and trying to exploit the energy previously accumulated when the price of
energy obtained from the grid is higher. For this reason, in the present study the building energy simulation (BES)
has been applied to a simple building in order to assess the potential of using this approach in the Northern Italy
climate and with the Italian electricity tariff.
Other studies investigated the potential of taking advantage of the price variations, but considering systems that also
include a PV array. In the study by Zhang et al. (2017) the battery stores electricity at low price and provides
electricity when the price is high, while Schibuola et al. (2015) proposed three heat pump control strategies, based
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on the cost of electricity and on the photovoltaic power generation. Henze et al. (2004) used the time-of-use price
signal to shift the electrical loads to off-peak periods at night and weekends in cooling applications. Interesting
results, in terms of cost reduction, were also obtained by Biegel et al. (2013).
Fischer and Madani (2017) classified the different pricing schemes that are applied in studies concerning heat
pumps, in two main categories: time-of-use prices applications, such as classical high-low tariff schemes (that might
be static over a long period) and the dynamic prices that change at daily (day-ahead pricing) or even shorter intervals
(real-time-pricing).

2. METHODS
In this study, control algorithms based on the knowledge in advance of the cost of electricity are tested by means of
a dynamic simulation code. Coupled dynamic simulations of a single-family house and its heating system were set
up in the TRNSYS® simulation suite, using standard and TESS libraries to model the building and the HVAC
components.
As boundary conditions for the simulation, the weather data (test reference year) for Milan – a city having a 4A
climate according to ASHRAE 90.1 classification - and the Italian electricity tariffs for the year 2017 were used.
The simulations were run with a time-step of 1 minute and covering the heating season only (from 1 st October to 30th
April). The analyzed control strategies were compared to each other and to the reference-case (no control rules
based on the electricity tariff).

2.1 Building model
A coupled simulation of a building and its heating system was set up in the TRNSYS simulation suite. The building
is a two-floor single-family house, having a volume of 275 m3, façades oriented towards the main cardinal directions
and window exposure toward south, east and west. The choice of this building is due to a previous modeling work of
a real experimental building, for which thermal variables have been monitored for several years. However, in this
study the envelope characteristics were set in order to consider a new high performance building having walls and
roof thermal trasmittance equal to 0.25 Wm-2K-1, windows thermal trasmittance equal to 0.9 Wm-2K-1 and a
ventilation rate of 0.5 ACH with heat recovery. As regards to the geometry and the floor area (about 80 m2), the
building is considered representative of a single-family house. People presence is scheduled with a weekly pattern
which represents the total internal gain given by the people and the appliances, with two different profiles for the
living room/ kitchen and for the bedroom. The profile are the ones provided in the Italian standard UNI TS 11300-1.
In the ground floor a small room is used as a heating station and has not heating/cooling terminals, however it has
the internal gain due to the tank losses.

2.2 HVAC system and DHW model
The space heating (SH) system is based on an air source heat pump (ASHP), with variable speed compressor,
coupled with radiant floor panels. The model used for the ASHP is based on the performance map and on the partload performance function, which can be both provided by the user. Specifically, a last generation unit is modeled,
with a COP value of 4.5 at 7-35°C, a nominal capacity of 5 kW. The part load operation is modeled by a function
that improves the performance of the unit when the it is operating at part load (i.e. at a lower frequency than the
nominal one) and the maximum COP is up to 30% higher than the COP at the nominal frequency. The machine is
entirely controlled by an input signal which gives the desired frequency at which the compressor should be run. This
frequency depends on the control strategy, which is managed externally to the ASHP type and takes different
variables as input, including the outdoor temperature. The controller is proportional-integral with an hysteresis for
the on/off operation at loads.
The radiant floor design is based on a typical commercial configuration with cross-linked polyethylene (PEX) pipes
having a diameter of 0.016 m, a thermal conductivity of 0.44 W m−1 K−1 and a pipe spacing of 0.12 m. There are two
separate water storage tanks: a buffer for the space heating system and one for domestic hot water (DHW)
preparation, with capacity volumes of 100 liters and 300 liters respectively. Both of them are stratified vertical
cylindrical tanks. DHW tapping is modeled according to the EN 16147 (tapping profile M). DHW production has
priority over SH and its signal has a hysteresis with a dead-band of +3°C on the set-point.
A mechanical ventilation system with heat recovery guarantees the ventilation rate of 0.5 ACH in each room. The
recovery efficiency is 75%.
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2.3 Electricity price data
The reference electricity price used in this study is the small-commercial Italian tariff for the year 2017. This tariff
was chosen because it has three price levels along the day and it is updated on a monthly base: it is then more fine
grained that the current tariff for domestic users (to whose it is expected to be applied in the near future). This is
commonly called a time-of-use (TOU) rate plan. The variable part of the total cost is represented in Figure 1 and it
includes the actual cost of electricity including transport/management and system charges. In addition, the

hourly spot market price (which is also represent in Figure 1) is applied and its variation is supposed to be
known in advance (real-time pricing, RTP). It is less likely that the RTP will be applied to domestic users in
the near future in Italy, but it still may be one of the possible scenarios. In both cases, the total electricity bill
also includes a fixed annual tariff and an average share of 13% of fees (in 2017); however, in this study those
shares are not taken into account.

Figure 1: Italian electricity tariffs for year 2017: time-of-use (above) and real-time hourly pricing (below). Prices
include transport/management and system charges but annual fixed costs and fees are not included.

2.4 Set-points variations
A simple function defines when the price is considered high or low with respect to the price applied in the next
hours, by comparing the current price with the average price in an interval of hours ahead. This interval is defined
by its width (Δt) and the time ahead at which it is centered (tahead). A similar approach was used in Psimopoulos et al.
(2017) with price data for Sweden. In this way the function is the same for all the months and does not refer to a
fixed threshold of price in order to consider it as high or low. For the RTP, Figure 2 better describes the applied rule.
Table 1: Parameters for the definition of the high price signal
Pricing mode
TOU
RTP

Δt
7 hours
4 hours

tahead
9 hours
6,5 hours
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Figure 2: Definition of the high price signal (selection of the price peaks) in the case of real time pricing; the
time period is in the month of January.
When the price is defined as high, the set-points of DHW tank, SH tank and ambient thermostats are increased,
while in the remaining time they are decreased. The variations have been established with the aim of not causing
appreciable changes to the comfort of the occupants. Hence, the ambient set-point has a maximum of 22°C and a
minimum of 19°C (the default one is 20°C). The DHW temperature is set to 48°C in the base case while it is
incremented up to 55°C and reduced to 45°C by the control function (below 45°C it is considered to create
discomfort). The SH tank temperature does not directly affect the comfort because the system controls the mass flow
to the underfloor pipes. Since the supply temperature follows a heating curve with a maximum supply temperature
of 35°C, a small increment (+2°C) can be accepted without risk of overheating the floor.

3. RESULTS
Results of this study are presented mainly in terms of electrical energy use and cost of the bought electricity on a
monthly basis. The reference case simulation does not attempt any optimization based on the hourly variation of the
electricity cost.

3.1 Electrical energy use
The price-based function has a twofold effect: when the required heating load is low and intermittent (like in
October or April), raising the set-point temperature of the space heating buffer tank is not convenient, since the
stored thermal energy may not be needed after being produced, and consequently the only effect will be to increase
the heat losses toward the ambient. Similarly, increasing the ambient set-point temperature activates the heating
terminals during periods in which they would have stayed off with a lower set-point (for example because of internal
or solar gains). In cold months, on the contrary, changing the set-points leads to a reduction of energy use: this is
due to the particular daily profile of the price that increases during the day time, when also the outdoor temperature
is higher and, consequently the performance of the ASHP is better.

3.2 Cost
The main objective of the proposed algorithm is to lower the total cost of electricity. In the case of TOU pricing, the
average unitary cost of electrical energy is always reduced when the function is applied (negative variations of the
unitary cost of the kWh for all the months, from -4% to -7%). However, this variation is very low and not always
corresponds to a real decrease of the total cost, because of the increased energy demand. That means the effective
cost reduction (that is -26% in January) is mainly due to the energy use reduction (-22%) and only partially to a
lower unitary cost. For the case where RTP is applied the results are quite different: the control function is able to
reduce the cost only in January (-17% compared to the reference case). However, unlike the TOU pricing case, this
reduction is caused by the unitary cost reduction. This is explicable by looking at the RTP data in Figure 1: in
January the two peaks occurring in the morning and in the evening are very high, and the control function is made to
reduce the use of energy during those peaks. In other months those peaks are not so pronounced, and consequently
the control function does not lead to a cost reduction. Figures 3 and 4 show the monthly energy use and electricity
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cost for both the cases. The correlation between the monthly cost variations and monthly energy use is more evident
in Figure 5, which is relative to the TOU pricing case. In particular, it is noticeable that, for energy needs higher than
a certain threshold, the control function could be profitable. As regard to the whole heating season, for the TOU case
the total cost variation is positive (+5%), which means it is not convenient to apply the control function from
October to April. On the contrary, if it had been applied only in December, January and February, there would be a
significant money saving (-12% with respect to the reference case). In the RTP case, January is the only monthly in
which it is convenient to apply the function. However, this is a preliminary study and the aforementioned
considerations are not intended as an exhaustive economic analysis of the proposed control strategy.

Figure 3: Monthly electrical energy use and relative cost for the reference case.

Figure 4: Monthly electrical energy use and relative cost when the set-point adjustment function is applied.

Figure 5: Monthly electricity cost variations vs monthly energy use with TOU pricing. This figure is aimed to show
the monthly energy demand for which the control function becomes convenient.
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4. CONCLUSIONS
The objective of this study is to investigate the potential money saving of a control function based on the price of the
purchased electricity, by means of a simulations analysis. The function has the main objective to shift the demand to
a time of use in which electricity is cheaper.
If RTP is applied to the present case of study, the proposed control function is convenient only in the month of
January, which presents marked peaks of price in the morning and in the evening, and a lower price during the
midday hours. In the scenario with TOU prices, applying the control function from October to April does not lead to
money saving, but to a slight increase of the electricity bill (+5%), whereas it would be profitable to apply it only in
the coldest months (December, January and February). In that case, the total cost in the season would be reduced (12%).
This result suggests that it would be interesting to know in advance the load of the building some hours ahead, in
order to decide whether to store thermal energy or not, and consequently it confirms the importance of model
predictive control, which is going to attract a growing interest in the building sector. This study does not involve any
predictive approach, which may be considered in a further development of this analysis.
Results are relative to this particular system configuration, to a small high performance building and to the climate
of northern Italy. Generalizing the conclusions of this study would require to extend the analysis to different
buildings type and to other countries scenarios (i.e. different climates and different electricity price data).
Finally, the model does not involve the consumption for electric appliances and consequently the energy consumption
and the relative cost should be evaluated with a comparative approach, rather than absolute. Besides, despite the novel
model (TRNSYS type) of variable-speed heat pump, which operation is based on a recently developed and
commercialized product, the effects of the on-off cycles inefficiency are not taken into account.
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